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Section 1

INTRODUCTION

The analyses and results described in this report are a contin
uation of a study to investigate heat transfer phenomena in folded
ammunition gun tubes. The initial work by the authors was reported
in Reference 1. This initial effort established the geometry,
validated TRUMP, a generalized heat transfer computer program, for
problems of interest, developed the methodoloqy to implement the
detailed boundary conditions that were provided by the Ballistic
Research Laboratory, and generated results for certain geometries
and conditions of interest. The present effort consists primarily
of evaluating the effects of a new set of boundary conditions (2'), that
is, time-dependent heat transfer coefficients and bulk fluid temper
atures, and sensitivities due to uncertainties in the thermal pro
perties of the two materials that enter into the problem, namely, gun
tube steel and cartridge brass. In addition, the effect on the
peak surface temperature was evaluated for three coating materials,
namely, chromium, tungsten, and molybdenum. Several aspects related
to three-dimensional effects of the folded ammunition geometry were
investigated, includino multiple firing. Furthermore, the generalized
heat transfer program used in all of these calculations was evaluated
with respect to its suitability in determining temperature distributions
in the presence of a moving boundary, such as the case of a rotating
band.
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Section 2

GEOMETRY, BOUNDARY CONDITIONS AND THERMAL PROPERTIES

The primary geometry of interest is the same as the one
discussed in the previous study (1). Figure 1 is reproduced from
there and shows with an asterisk (*) the region of the geometry where
several analyses are given in this report. Other analyses are
performed for the region near the origin of rifling. Figure 2, also
taken from Reference 1) shows a cross-section of the folded ammunition
gun tube chamber for which a three-dimensional analysis with multiple
firing is performed. The time-dependent boundary conditions are
given as a function of distance along the tube. The locations for
which this information is given is shown in Figure 3. These distances
::I ......... ~ ..... "' ... t"'l::>+ .... rl + ..... +1..."" -4=" .... 1rl .... r1 ,., ...................... + ..... " 1-.. ...... 1 ........ .; ... ,.. +L.. ..... n-> .... 1 ....... ,., +k .....
ur'C l,f all;:) I U lot:U loU t.11'C I U I Ut::'U ~t:'Ulllt::t..I:J uy a I I '::lll IllY l"llt:111 a I url~ L.rlt:

inside of the gun tube chamber. along either side of the web between
the powder chamber and the projectile. The boundary conditions con
sisted of time-and space-dependent heat transfer coefficients, h, and
bulk fluid temperatures, T~. The heat flow per unit surface area, q",
into the gun barrel was th~n defined as

q" (z,t) = h (z,t) [Tb (z,t) - Ts (z,t)]

where Ts (z,t) is the gun barrel surface temperature to be determined,
t is the elapsed time; and z is the distance along the gun barrel.
Since the boundary conditions data set is too large to be presented
here in total, only a few typical curves will be shown here. Figures 4
and 5 show time histories of heat transfer coefficients and bulk fluid
temperatures at several typical locations. A comparison between the
new (2) and old data (1) sets are shown in Fi~ures 6 and 7. It may be
noted that the present data set reflects a much cooler propellant and
hence lower surface temperature can be expected.

For the peak surface temperature calculations with the new set
of boundary conditions; the thermal properties of the materials are the
same as those from the previous study. Table 1 repeats them for refer
ence. This was done to ensure that proper comparisons can be made betweEn
the present and previous results.

For those calculations that involved sensitivity with respect
to the uncertainty in the values of the thermal properties a litera
ture search was made to determine the most up-to-date values and their
range. This was also done for the plating materials that were studied.
The thermal properties of all of these materials, thermal conductivity
and specific heat, are shown in Figures 8 through 17. The materials
considered in this study are:
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• SAE 4340 steel (gun tube ste~l)

• 70/30 brass (cartridge brass)

• chromium

• tungsten

• molybdenum

The data points on these curves are various data sets extracted from
the volumes published by Touloukian et al. (3,4) and the critical
review of Ho et al. (5). Since TRUMP accepts thermal oroperty infor
mation in tabular form and interpolates linearly into these tables
to evaluate their temperature dependence, it was found simplest to
draw straight line segments through the exoerimentally determined
properties. These straight line segments are shown in Figures 8
through 17. The values given at the breakpoints of these line seg
ments are then used as input data to TRUMP. These are summarized
in Table 1. For comparison purposes, the data used in the ·previous
study are shown in Table 2.

11



Table 1. Thermal Properties of Various Materials for TRUMP.

Materi al Temperature Therma1 Condueti vity Temperature Speeifi cHeat

°c watt/em-oc °c J/g_OC

SAE 4340 0 0.349 -23. .046

100 0.37 n 467. .064

200 0.382 677 . .092

300 0.376 707. .28

400. 0.363 747. .074

500 0.347 777. .064

600 0.333 1200. .064

Cartridge Brass -53. 0.95 -23. 0.42

212. 1.415 182. 0.42

337. 1.490 234. 0.50

427. 1.462 267. 0.45

927. 0.45

Chromi urn -23. 1.0 -73. 0.40

27. 0.935 132. 0.49

97. 0.925 592. 0.55

577. 0.687 927. 0.70

927. 0.620

Tungsten -73. 1.87 o. 0.134

222. 1. 46 1000. 0.155

327. 1. 37
,", 1. 30lfC I .

627. 1. 21

927. 1.13

Molybdenum O. 1. 39 O. 0.256

500. 1.21 550. 0.281

1000. 1.03 1000. 0.310
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Table 2. Thermal Properties of Materials

~
Srecific Thermal

Heat Temperature Conductivity Temperature
Material (J/kg-C) (C) (W/m-C) (C)

502. -18.05 43.1 -18.05
519. 204. 42.3 204.
619. 427. 38.6 427.

SAE 4340 753. 648. 32.2 648.
Density: 7,750 kg/m3 800. 763. 25.9 788.

14500C *Melting Point: 6895. 768. 27.0 871.
628. 773.
586. 87l.
607. 1094.

398. O. 96. O.
Cartridge Brass 490. 200. 105. 100.
Density: 8,570 k9/m3 527. 500. 109. 200.
Melting Point: 940°C 113. 300.

115. 400.

*SAE 4340 steel has a solid phase change at ~ 768°C. The latent heat
involved in this transition is modeled by a change in specific heat
in the form of a spike superimposed over the actual specific heat curve.
This triangular peak has a base width of 100C, a height of 1/5 of the
latent heat of transition and is centered at the transition temperature.
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Section 3

ANALYSIS TECHNIQUES

3.0 GENERAL ASPECTS

All analyses performed in this report were made with the TRUMP
heat transfer computer program (6). A brief description of the general
capabilities of this code were given in the previous study (1) and
will not be repeated here. TRUMP has been used successfully at SAl
over the past several years on a multitude of heat transfer problems.
Because the code was developed to solve problems with complex geo
metries the preparation of input data to TRUMP is a time consuming
process, especially when parameter studies are to be made that involve
a redefinition of the geometry and node structure. Experience has
shown that such problems are most easily handled by developing an input
data generator for the geometry and boundary conditions under investi
gation. The node generator computes all the BLOCK4 and BLOCK5 data
required by TRUMP and stores these on a file which is later read and
processed by the TRUMP program. The BLOCK4 data consists of the node
characteristic descriptions, that is, their number, volume, and
material type. The BLOCK5 data contains all information about how
the various nodes are connected, that is, conduction lengths, heat
transfer surface area, convection heat transfer coefficients, and
thermal radiation form factors. These two blocks contain the bulk
of the data preparation chores.

For the present studies several node generators were written,
each applicable to a specific geometry and sets of boundary conditions.
These are discussed briefly in the next several sections. In addition
to these node generators a number of modifications were made to TRUMP
in the form of additional FORTRAN statements and subroutines. These
modifications were necessary to handle the different problem require
ments. The various programs and special TRUMP subroutines are listed
below with a brief comment.

TCY1 - a node generator that computes the data for one
dimensional rectangular and cylindrical problems.

TODXY - a node generator that computes the data for a two
dimensional rectangle which may have a radius on
one corner.

THREED - a node generator that computes the data for a three
dimensional slice of the cross section C-C shown in
Figures 1 and 2.

14



ROTBAND - a node generator to compute the data for the
rotating band problem discussed in more detail
in Section 3.4.

HTCOFO, HTCOF1, HTCOF2 - Subroutines for TRUr1P to process the
boundary conditions as needed.

D1NAM - a TRUMP subroutine to modify and keep track of the
dynamic connections when running the rotating band
problem.

HTSORT - a program to prepare the boundary conditions in
a form suitable for processing by TRUMP.

DIMENS - a program to set FORTRAN dimension statements
and common blocks to sizes specified on the
input data. Used on TRUMP to create a version
with a large.number of nodes and connections
required for the three-dimensional problems.

TMPPOST - a post-processor program that reads the results
file created by TRUMP and displays selected
results.

TUBE - a driver program for the GRAPH routine package that
produces printer plots of the boundary conditions,
i.e., heat transfer coefficients and bulk fluid
temperatures as a function of time for each of the
axial locations.

DETAIL - a program that prints the detailed results produced
by TRUMP in any given time window.

3.1 THE 1-D NODE GENERATOR

The 1-D node generator, TCY1, was used in this study for those
cases where cylindrical coordinates were required. - The 2-dimensional
node generator, discussed in the next section, was only applicable
for rectangular regions. The input data to the TCY1 generator is very
minimal, making it a convenient tool for rapid analyses and parameter
studies of one-dimensional problems. The geometry that can be treated
with TCY1 is shown in Figure 18. As with all node generators a
material specification grid is overlayed on top of the computational
grid so· that different material layers can be specified. The node
number system employed by the program is also shown in Figure 18.

15



3.2 THE 2-D NODE GENERATOR

The 2-D node generator, TODXY, was used in the previous study (1)
and has been used in the current work on most of the problems. For
the present purposes it was extended to include a corner radius and
an option for symmetry through the corner radius. Figure 19 shows the
various configurations that can be analyzed with the TODXY input data
generator. The boundary conditions on each of the four sides can be
specified as either convective or insulating. The TODXY generator
assumes a certain numbering scheme for the nodes. This scheme is
shown in Figure 20 for a typical case. When TRUMP input data blocks
other than 4, 5, and 6 are to be specified,the numbering system
defined in Figure 20 has to be adhered to. The node numbering
scheme has to be known also for the post-processor program, TMPPOST,
to retrieve from the results file the temperature histories of
selected nodes.

3.3 THE 3-D NODE GENERATOR

The three-dimensional node generator, THREED, was specifically
written for the folded ammunition geometry. The geometry and node
nomenclature are shown in Figure 21. Because only a few rounds of
firing were of interest the boundary conditions removed from the bore
surface and the powder region were assumed to be adiabatic. This
made possible the symmetry approximation shown in Figure 21. The
node generator sets up all of the node characteristics in a two
dimensional plane of unit thickness. The three-dimensional geometry
is then set up by stacking any number of these slice~each with a
specified thickness. Each axial wafer is associated with a different
set of bulk temperatures and heat transfer coefficients.

3.4 THE ROTATING BAND MODEL

This section describes a thermal model that evaluates the
temperature histories in a simplified geometry of the interaction of
the rotating band and the gun tube. The present model basically
considers one surface sliding over another. An attempt to solve a
similar problem analytically was made by Chen (ll.but it was found
that the convergence' of temperature solutions were too slow to give
accurate results. The present model is based on a numerical solution
of the applicable equations and boundary conditions by making use of
the existing heat transfer code TRUMP. By making certain modifications
to the program the problem of one surface sliding over another can be
simulated very nicely. The model is shown schematically in Figure 22.
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The gun tube is represented by a set of nodes equally spaced along
the length of the tube. The rotating band is represented similarly
but with fewer nodes. The interface frictional heating is modelled
by a zero-volume heat generating node attached to the sliding surface.
The heating rate can be specified as a function of time, distance,
or temperature. For the present cases it is assumed constant. The
modifications made to TRUMP were with respect to the definition of
the six thermal connections in the interface region shown in Figure
22. These are called dynamic connections. As can be seen from
Figure 23 the connections between node 1001 and 1 change as a function
of time, as detailed in Figure 24. When the interface area, A, becomes
zero, i.e., node 1001 has passed node 1 completely, the node terminal
points in the gun tube region of each of the dynamic connections is
redefined. For example, for times t, less than 6X/V, where 6X is
the mesh spacing in the longitudinal direction and V the velocity
of the sliding surface, the gun tube node terminal point for connection
(1) is 1, but when 6X/V < t < 2f:.X/V this terminal point is 2.

The ROTBAND node generator was written to calculate the
node and connection data for the configuration shown in Figure 22.
In addition TRUMP was modified to include a subroutine, DINAM, that
keeps track of the dynamic connections. The results of a few
calculations with this model are discussed in Section 4.

17



Section 4

RESULTS

This section presents results and analyses of various calcula
tions made with the models and tools discussed in Section 3.

4.1 PEAK TEMPERATURE ANALYSES WITH NEW BOUNDARY CONDITIONS

Surface temperatur~ profiles were generated in the same manner
as in the previous work (1) using the heat transfer coefficients and
fluid bulk temperature data provided by BRL for the new propellant (2).
The program HTSORT, which processes the raw boundary data for use in
TRUMP, was mOdified to accept the format of the new data sets.

With the new boundary conditions on file, 1-0 analysis for
several locations along the length of the guntube were performed. The
resul ts of these analyses, for steel and brass-covered steel, are presented
in Figure 25. Peak surface temperatures are shown as a function of dis
tance along the guntube bore. The curve identified as "brass" considers
a brass layer of thickness 1/32" on guntube steel. The curve identified
as "steel" considers guntube steel only. As may be noted several maxima
exist in this profile. These'are due to the given boundary conditions.
The cause of the variation in the boundary condition data is not known.
The time dependency of the surface temperature at the location where
it becomes maximum, location 15, is shown in Figure 26 in addition to
the profiles of the two adjacent locations. The profile is very similar
to that of the previous studies. Peak surface temperatures in the
present study are much lower than those computed in Reference 1. This
can be traced to the fact that the bulk fluid temperatures and corres
ponding heat transfer coefficients are presently lower than those of
Reference 1. For these same locations, 14, 15, and 16, the temperature
profiles into the wall are plotted in Figure 27 at the time the surface
temperature has reached its maximum. These results again show that for
a single round of firing the thermally active region in the guntube is
less than 1 mm thick.

Temperature profiles for the corner region, shown by an "*" in
Figure 1, are given in Figure 28. These profiles are for the same
case as the one shown in Figure 25 of Reference 1. T:1e peak surface
temperature increases markedly in the corner when this region is main
tained sharp. As soon as a corner radius is provided the peak surface
temperatures change considerably. Using the "radius" option in TODXY
several calculations were performed for different corner radii. The
results are displayed in Figure 29. As noted, even a very small corner
radius is effective in reducing the peak surface temperature during a
single round of firing.

18



4.2 GUNTUBE COATINGS AND THERMAL PROPERTY SENSITIVITY

Sensitivity analyses were performed to evaluate the effect of
uncertainties in the calculated peak surface temperatures due to the
inaccurate knowledge of the thermal properties of the materials involved.
A simple parametric study was performed using the Reference I-D geometry
and the boundary conditions at the location that provided the maximum
surface temperature, location 15. The thermal properties, specific heat
and thermal conductivity, were varied ±20% around the nominal value
and the peak surface temperature computed. The results are displayed
in Table 3. As may be noted the temperatures do not deviate signifi
cantly from the mean. Examining the results one may use a rough rule
of thumb that states that a 1% change in the thermal property, either
specific heat or thermal conductivity produces a 0.4% change in the
peak surface temperature rise.

The sensitivity of the peak surface temperature due to coatings
on gun tube steel are shown in Table 4, where three thicknesses-I, 3,
and 6 mils-were analyzed for three different coating materials
chromium, tungsten, and molybdenum. As may be noted the thicker the
coating the lower the surface temperature. This is a result of the
fact that the thermal diffusivity of these coating materials is higher
than that of gun steel. It should also be noted that the differences
from coating to coating are very slight.

4.3 MULTIPLE FIRING RESULTS

In the previous study (1) results were reported for a I-D
multiple firing case. A similar case was run with the new set of
boundary conditions. The multiple firing model recycles a table of
time-dependent heat transfer coefficients and bulk fluid temperatures
with a cycle time that depends on the last entry in the table. For
example, if the last value in the time table is 0.1 sec, then a burst
of 600 rounds per minute is simulated. The version of TRUMP that has
been used in all of the calculations presented in this reoort accepts
a table with a maximum of twelve entries. It is relatively easy to
change the table length with the DIMENS program, but this was found
not to be necessary. The boundary condition set at location 15 was
approximated by a table of ten entries. The resulting maximum
surface temperature when used with the I-D geometry was' 379 OC,as
compared with a temperature of 376 0C when the full set of values as
given by Reference 2 was used. Hence,the short table was deemed
adequate for the multiple firing case. Figure 30 shows the surface
temperature history over several cycles. This case can only be taken
out to several cycles before the assumed boundary conditions away from
the surface start distorting the results. This calculation basically
serves to checkout the condition to be employed in the 3-D multiple
firing problem.
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Table 3. r'1aterial Property Sensitivity Analysis Results

Multipl ier to Thermal Propert i es Peak Surface
Temperature Percent change

Specifi c Heat Thermal Conductivity DC from Nominal*

0.8 0.8 422.8 19.3

1.0 0.8 388.7 9.2

1.2 0.8 363.3 1.7

1.0 1.0 357.6 0.0

0.8 1.2 363.7 1.8

1.0 1.2 333.8 -7.0

1.2 1.2 311. 6 -13.6

*Calculated as (T-Tr )/(Tr-20) x 100; Tr is the temperature when the multipliers are 1.0.



Table 4. Peak Surface Temperatures (oC) with Different Coatings

Coating Type
Coating Thickness

( mil s ) Tungsten Molybdenum Chromium

1 519 520 519

3 480 483 483

6 438 444 452
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The three-dimensional model is shown in Figure 21 where the 3rd
dimension is achieved by stacking three slices of equal thickness on top
of each other. The boundaries at the top and bottom of the stack were
assumed to be adiabatic. This model provides a larger volume (heat sink)
around the chamber regions, thus more nearly characterizing the heat capa
city of the surrounding material. Nodes at the surface of the chamber
regions were assigned the following boundary conditions from Reference 2:

Top Level
Mid Level
Bot Level

Projectile Chamber
Loc. 15

16
17

Powder Chamber
Loc. 13

12
11

The boundary condition data were reduced to 12-point tables for
use in TRUMP without any significant loss in accuracY,as previously
described. Figure 31 shows peak temperature histories of surface nodes
5001 and 5005 (see Figure 21 for nomenclature) for four firings. Also
shown is the corresponding 1-0 temperature history for location 15.
The effects of the improved modeling are readily observed. The increased
volume allows circumferential heat flow away from the chamber surface
area thus decreasing the surface temperature. Lower projectile chamber
surface temperatures are also observed at nodes away from the web
area (node 5005). Figure 32 shows the temperature distribution in the
web at four time periods corresponding to the instant of maximum surface
temperature of node 5001. One can observe the 3-D effects; the inner
region or web temperature increases with each round fired.

4.4 THE ROTATING BAND RESULTS

The rotating band model discussed in Section 3.4 was used to
generate the results shown in Figures 33 through 35. It should be
remembered that the model is a first attempt at evaluating the inter
action of one surface sliding over another on the temperature distri
butions. The model in its present form does not represent the actual
environment of the rotating band because of the following inherent
assumptions. The major assumptions of the model are: 1) the heat
generated by friction is constant with time; 2) the velocity of the
sliding surface is constant; 3) the boundary conditions on the sliding
and stationary surfaces are adiabatic; 4) the materials are not allowed
to melt; 5) the geometry is semi-infinite rectangular. The order in
which the assumptions are listed above also reflects their relative
importance on the calculated temperatures. All of these assumptions
can be relaxed without any major difficulties. They require, however,
additional effort which is beyond the scope of the present study.

The present results were calculated with the geometry and node
structure shown in Figure 22. The length of the sliding surface was
taken as 1 cm and its thickness and that of the stationary surface
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were taken as 0.1 cm. The heat generated by the sliding surface was
estimated from the data given by Montgomery (8). The rate of heat
generated by sliding is equal to the product of the coefficient of
friction, the bearing pressure, and the slider velocity. This pro
duct is denoted by fPV, and its value represents a heat flux. The
result2reported in the present study are based on a value of 4.2 x 108
watt/m (0.2 x 105 ft-lb f /in2-sec.) . .

Figure 33 shows how the maximum temperatures at different
locations vary as a function of the sliding surface velocity. As
expected, the higher the velocity the lower the temperature. The node
numbers identified on the curves are with reference to Figure 22.
As may be noted, the temperatures of node number 4 are larger than
those of node number 1 or 2 because of its larger contact time with
the sliding surface. Also,node 6 temperatures are larger than node
4 temperatures because the slliding surface temperature at the
interface is higher,resulting in. higher heat flow. Figure·34 shows·
temperature distributions along the stationary surface for two
different times and,hence,two different sliding surface positions.
Note the decaying temperature behind the sliding surface and the
colocation of the peak temperature with the rear position of the
sliding surface. Figure 35 shows the temperature histories of three
locations on the sliding surface. Note the rapid rise and the
apparent leveling off of the temperatures. Eventually, under the
conditions specified, a steady temperature distribution can be
expected.

\~e would like to iterate that these results are preliminary.
Further parameter studies need to be conducted to determine whether
the node structure is fine enough. For example, it was found from
other calculations with the same geometry and dimensions, that
subdividing the sliding and stationary surfaces into ten rather
than three intervals in the vertical direction reduces the tempera
tures somewhat. The present calculations show however that TRUMP
can be adapted to sliding surface problems.
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Section 5

CONCLUSIONS AND RECOMMENDATIONS

The analyses and results discussed in this re~ort are applic
able to a variety of heat transfer problems in gun tubes. They also
confirm the usefulness of TRUMP, the heat transfer computer code
used in all of the calculations, for solving problems of this nature.
The conclusion of the various analyses performed here can be
summarized as follows. The new boundary conditions (2) result in
significantly lower surface temperatures than those of the previous
study (1), that is, 377 0C versus 660 0c when the inside surface is
brass and 540 oC versus 1003 °c when the inside surface is gun steel.
For the current set of boundary conditions the effect of uncertainties
in the thermal properties of the materials can be considered moderate.
The results show that a 1% change in either specific heat or thermal
conductivity produces approximately a 0.4% change in the peak surface
temperature rise. The effect on the peak surface temperature of the
three surface coatings-tungsten, molybdenum, and chromium-is that
they tend to lower the surface temperature slightly and that this
drop becomes larger as the coating thickness incl'eases. Differences
from coating to coating are very slight. The three-dimensional
multiple firing model shows that three-dimensional effects are
important when more than a single round of firing is considered. The
rotating band model, simulated by one surface sliding over another
and described in this report, worked out very well. All major features
of the problem can be simulated with TRUMP. The analyses performed
in this report with the model do not represent the actual environment
of the rotatin~ band because of a number of inherent assumptions,
These assumptions, however, can be relaxed quite readily with a little
more development work.

The results presented in this report suggest a number of
recommendations for further work. If further modelling is to be
performed with TRUMP it would be very useful to rework the code
so that it is more efficient to run and more flexible. The TRUMP
code has been in use and continuously improved since 1965. Because
of earlier programming practices, the program consists of a small
number of large routines as opposed to many small modules, resulting
in much inefficiency. All the routines and programs discussed in this
report can be merged readily into a modular system.

The three-dimensional mUltiple firing model can be improved
by providing other than an adiabatic boundary condition at the
bottom of the stack. Furthermore, the model can be extended further
away from the gUn tube surface and be provided with external boundary
conditions.
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The rotating band'model has been shown to be feasible, with
TRUMP. Extensions in this area include making the heating rate and

,band velocity time-dependent, accounting for the melting effects of
the materials, using a cylindrical geometry, and adding heat transfer
coefficient boundary conditions.
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